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Abstract As a critical component of the railway vehicle,
underframe equipment has a great influence on the ride
comfort of railway vehicles due to their big mass and active
vibration. Therefore, study on the relationship between
suspension parameters of underframe equipment and the
modal frequency of carbody is extremely crucial for con-
trolling the ride quality of railway vehicles. In this paper, a
finite element model of the carbody was developed to
investigate the effects of the suspension location, the mass of
the suspension equipment, and the suspension frequency on
the mode of the carbody. Then, the matching relationship
between the suspension parameters and the modal frequency
of the carbody was studied through the transfer function. In
addition, roller rig tests were performed to verify the
numerical simulation model of the carbody. The results show
that the suspension parameters of the underframe equipment
have a great influence on the mode of the carbody, especially
for the frequency of the first bending mode. To improve the
frequency of carbody high-frequency bending and reduce
energy transfer, equipment with a large mass should be
suspended toward the middle of the carbody. The weight of
the equipment strongly affects the first bending frequency
and energy transfer of the carbody. The frequency of heavy
suspended equipment should be sufficiently low to increase
the transmissibility of high frequencies and improve the
vibration characteristics of the carbody. Although the
bending frequency of the carbody can be improved effec-
tively by increasing the suspension stiffness of the
suspension equipment, in order to reduce carbody vibration
effectively, the suspension frequency of the equipment
should be slightly lower than the carbody bending frequency.
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1 Introduction
In modern railway operations, lightweight car bodies are vital
to improving average train speeds. However, lowering the
carbody weight reduces the stiffness of the structure, and
increases accelerations within the vehicle system. This may
have a negative impact on ride comfort [1, 2]. To handle these
problems, a number of solutions have been proposed. For
example, an essentially nonlinear vibration absorber was
shown to mitigate the large acceleration transmitted to the
passenger compartment of a vehicle and improve ride comfort
[3], and a dynamic vibration absorber was installed in the
underframe of a high-speed passenger car to suppress vibra-
tion [4]. To reduce bending vibration, some authors have
suggested the use of piezoelectric elements shunted by an
external electric circuit or active damping via a piezo stack of
actuators [5, 6]. A constraint layer on the carbody was
researched in [7], and a heavy additional mass suspended
under the center of the carbody has also been considered [8].
To optimize vibrational comfort in the design stage, the
dynamics of the whole vehicle must be taken into account [9,
10]. The natural frequency of rolling stock is not only an
important parameter in the dynamic loading of a carbody, but
also forms the basis of the vehicle system dynamics. Elastic
vibration in the carbody will be excited when the external
excitation frequency equals the natural mode of the structure.
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The relationship between the suspension parameters of the
equipment and the inherent carbody modal frequency have
attracted widespread attention, as they are essential in ensuring
system stability and passengers’ ride comfort. Carbody mod-
eling is now the starting point of such research. By considering
the carbody accessory structure, some progress has already
been achieved. For instance, the influence of three types of
equipment suspended from the carbody and the avoidance of
structural resonance by adjusting the stiffness distribution has
been reported [11]. Kang and Zeng [12] proposed a rigid cou-
pling of the nonlinear system dynamics model. They discussed
the vibration character of suspension equipment and studied the
matching relation between the carbody modal frequency and
suspension parameters, determining the optimal suspension
location from the dynamic response of the underframe equip-
ment. Taking CRH3 electric multiple units (EMU) as an
example, Zhao et al. [13] analyzed the influence of underframe
equipment on the carbody mode, and suggested that the elastic
suspension of equipment could effectively improve the bending
and rhombic modes. The modeling of a carbody structure and
its suspension units was elaborately described in [14], which
presented a reasonable modeling method by changing the mass
distribution and boundary conditions. The carbody, wheelset,
and frame have been considered as elastomers to analyze the
modal frequency of a 270 km/h high-speed EMU [15], and to
compare the stiffness matching conditions of the whole vehicle.
The modal frequency of passenger cars has been analyzed using
a finite element method, with the effect of the mass and stiffness
of additional parts also considered [16]. A linear prediction
method has been applied to the modal properties of the carbody,
and this approach was validated by data from both stationary
and running tests [17]. However, most research only considers a
modal analysis of the initial frequency. The relation between
the modal frequency and vibration has not been studied. High-
speed EMUs in China often use both elastic and rigid suspen-
sion. Research has shown that elastic suspension effectively
reduces the elastic vibration, changing the modal frequency of
the carbody. The equipment is equivalent to a dynamic vibra-
tion absorber when elastic suspension is used. The two peak
values will appear in the curve of the first bending frequency of
the carbody. The key problem in this paper is to determine the
best combination of carbody mode suspension parameters and
vibration. A series of simulations enables us to identify the
matching principles between the equipment suspension
parameters and the modal frequency of the carbody.
2 Finite element analysis of carbody
2.1 Finite element model of carbody
Taking a high-speed test train as an example, consider the
matching relationship between the carbody mode and the
equipment suspension parameters. As the main bearing
structure, the carbody consists of the underframe, corru-
gated floor, side sill, and so on. According to the structural
characteristics of the carbody plate and girders, the real
structure can be simulated using the ANSYS software. The
corrugated sheet and side sills are simulated by Shell63 and
beam elements, respectively. Using these elements, the
structure of an aluminum alloy carbody can be accurately
simulated. For the initial conditions, a mass unit is used to
simulate the counterbalance. The equipment suspended
from the underframe of the carbody is simulated by mass21
at the actual mass center, and the real connecting positions
are rigidly coupled. The sides of each element measure
40–80 mm. The model includes around 122,000 nodes and
197,000 units. The finite element model is shown in Fig. 1.
2.2 Modal analysis
Modal analysis is used to solve the motion equations of the
linear system without any damping, and to determine the
natural frequency of the system. Because of the complex
structure of the carbody, the natural frequency cannot be
accurately obtained by analytical methods. However, it can
be solved by finite element methods. The motion equation
of the carbody is
M€x þ C _x þ Kx ¼ f ; ð1Þ
where M denotes the mass matrix of the system, C repre-
sents the damping matrix, K represents the stiffness matrix,
f represents the loading vector, and x is the deformation
shape vector of the carbody structure.
Ignoring the influence of structural damping on the modal
frequency, the free vibration solution of the system is
x ¼ d sinðxt þ u0Þ; ð2Þ
where x and u0 are the squared circular eigenfrequency
and initial phase, respectively, and d is a magnitude vector.
We substitute Eq. (2) into Eq. (1), and seek non-zero
solutions. For such solutions, we require a zero coefficient
determinant, that is
K  x2M  ¼ 0: ð3Þ
Fig. 1 Finite element model
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The eigenvalues and eigenvectors of Eq. (3) give the
intrinsic modes of the system.
3 Validation of modal simulation
3.1 Modal test method for a carbody
We now investigate a modal test for an aluminum alloy
carbody. Seats, racks, and suspension equipment are not
considered in the test, and the unladen body mass is about
9,000 kg. We also test the preparation conditions, using a
traction transformer of 6,000 kg and a traction converter of
3,000 kg. Mass blocks lying on the floor are used to sim-
ulate the seats, giving a total carbody mass of about
34,000 kg. Details are shown in Figs. 2 and 3.
We consider seven cross-sections to reflect the vibration
form of the carbody, as shown in Fig. 3, and place four
acceleration sensors at the top and bottom of each section
to measure the vertical and lateral acceleration. Thus, the
vibration in the carbody can be obtained by analyzing the
acceleration. An excitation force of about 120 N is applied
sinusoidally with a scanning frequency range of 1–100 Hz.
3.2 Comparison between simulation and test
The limitations of the test method make it difficult to
measure each modal frequency of the carbody. Only low-
order modes can be accurately determined by the conven-
tional test method, whereas high-order modes of local
vibrations can hardly be measured. However, by comparing
the test results with the simulation calculations, we can find
all the modes. This comparison validates the rationality and
accuracy of the modeling. From Table 1, we can see that
the error in the low-order mode is relatively small, whereas
higher mode suffer bigger errors. This is because local
deformations appear in high-order mode, and the local
stiffness of the carbody is not well simulated. However,
under the preparation condition, the error in low-order
mode is about 10 %, which is acceptable for engineering
requirements. Based on the system model, we compare the
test results and the simulations in terms of the sweeping
frequency. Figure 4 shows that the simulation results can
effectively reflect the actual motion.
Thus, the modeling method has been shown to be effi-
cient. This forms the foundation of the following research
into the relationship between suspension parameters and
carbody modes.
4 Relationship between suspension parameters
and carbody modes
High-speed EMUs generally adopt a distributed power
system. The equipment is suspended on the crossbeam of
the underframe, and weighs from tens of kilograms to
several tons. The suspension method and distribution of the
equipment will affect the modal frequency of the carbody.
To research the relationship between the suspension of
equipment and carbody modes, we consider just one
device. Some basic laws are then acquired by analyzing the
influence of different suspension parameters on the carbody
modes.
It has been shown that the elastic suspension of under-
frame equipment can effectively reduce carbody vibration
and improve ride comfort [18–20]. The vibration of the
carbody is closely related to the modal frequency; namely,
elastic vibration of the carbody will be aroused only when
the external excitation frequency matches the frequency of
the carbody. Therefore, the relationship between the main
mode of the carbody and the two suspension styles (elastic
and rigid) is discussed in this section. Table 2 presents
simulation results for both rigid and elastic suspension. As
we can see, vertical and lateral first-order bending mode
appear under the condition of elastic suspension. Using
modal analysis, it is easy to determine that the low-fre-
quency mode is mainly coupled with bending movement in
the carbody, caused by the natural frequency of the
equipment, whereas high-frequency mode is mainly caused
by the interaction of the carbody’s natural frequency





Fig. 3 Accelerometer positions on carbody
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significant effect on the first-order bending mode. Com-
pared with the carbody bending mode when the equipment
is under rigid suspension, one of the two new frequencies
rises while the other decreases. The span between the two
new frequencies is directly related to the suspension
parameters. Compared with the case of rigid suspension,
the other modal frequencies are all lower, and the change is
not so obvious. Rigid suspension is equivalent to increasing
the body weight, and also changes the mass center of the
carbody. The equipment moves together with the carbody,
and hence there is only one vertical bending and one lateral
bending frequency. From the above analysis, we can see
that the key to the modal matching analysis is the influence
of suspension parameters on the first bending mode; the
other modes can be ignored.
To further research the influence of equipment suspen-
sion parameters on the carbody bending mode, the next
section studies the effects of changing the equipment mass,
suspension position, and suspension stiffness on the car-
body mode. The influence of the location of the suspended
equipment on carbody vibration is shown in Fig. 5. From
these results, we can see that the equipment has the least
influence on the carbody mode when the suspension posi-
tion is about 7.5 m from the carbody center, which is close
to the bogie. Between the bogie and the carbody center, a
greater longitudinal distance from equipment to carbody
center implies the carbody bending frequency will be
closer to the bending frequency without suspended equip-
ment. The low-order coupled bending frequency of the
carbody obviously increases as the longitudinal distance to
the suspended equipment increases, whereas the coupled
frequency caused by the carbody decreases. However, there
is only one bending frequency in the rigid suspension case.
We can also see that, when the equipment is suspended
above the bogie, the mode of the carbody is reversed. From
the above analysis, we can conclude that elastically sus-
pended equipment should be positioned away from the
bogie to improve the first-order bending frequency of the
carbody. There is 3.5 m from the bogie to the end of the
car, and 7.5 m from bogie to car center, which is sufficient
longitudinal distance to improve the bending frequency.
Thus, elastically suspended equipment should be sus-
pended near the center of the carbody.
The next section examines the relationship between the
modal frequency and transmissibility. The input excitation
is a sinusoidal signal. The influence of equipment mass on
carbody modes is shown in Fig. 6. In Fig. 6a, the suspen-
sion frequency (f ¼ ð2pÞ1ðm1kÞ0:5) is set to 12 Hz, and
we can see that the span between high and low frequencies
becomes wider as the equipment mass increases. This
increase in equipment mass causes the transmissibility of
high frequencies to gradually decrease, while that of low
frequencies increases. In Fig. 6b, the suspension stiffness is
maintained at 33.6 MN/m (when the equipment mass is
Table 1 Main modal frequency comparison of experimental and simulation results
Modal name Aluminum alloy car body Preparation condition car body
Exper-(Hz) Simul-(Hz) Error (%) Exper-(Hz) Simul-(Hz) Error (%)
1st bending 19.45 19.66 1.08 12.35 12.59 1.94
Rhombic 20.43 20.10 1.62 16.47 14.68 10.87
Torsion 29.33 34.90 18.99 22.64 25.68 13.42
Exper Experiment, Simul Simulation


























Fig. 4 Vibration characteristics of carbody
Table 2 Influence of equipment suspension style on carbody modes
Modal name Modal frequency (Hz)
Elastic Rigid
LF vertical bending 10.15 –
LF lateral bending 10.42 –
Rhombic 14.59 14.68
HF vertical bending 16.82 12.59
HF lateral bending 17.61 13.87
1st breath 19.99 21.11
Torsion 24.98 25.68
2nd vertical bending 30.29 30.27
LF Low frequency, HF High frequency
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6,000 kg, the suspension frequency is 12.45 Hz, which is
close to the carbody bending frequency). With an increase
in mass, the bending frequency of the carbody gradually
decreases. The change in the low-frequency component is
more obvious than that of the high frequency. At the same
time, the high-frequency transmissibility increases and the
low-frequency transmissibility is reduced, which can
reduce the sensitive frequency felt by passengers and
improve the ride quality. Therefore, the heavier the
equipment, the smaller its suspension frequency should be
to reduce the suspension stiffness of the equipment and
increase the transmissibility of high frequencies. However,
we must be careful to avoid bogie resonance. As shown in
Fig. 7, the rigid suspension of the equipment is equivalent
to increasing the mass of the carbody without changing its
stiffness. This serves to decrease the carbody first-order
bending frequency and increase the transmissibility.
However, these changes are not so obvious.
The relationship between the carbody bending mode and
suspension frequency is depicted in Fig. 8. An increase in the
suspension frequency causes the bending frequency of the
carbody to increase rapidly, and the low-order bending fre-
quency becomes close to that in the absence of suspended
equipment. The high-order bending frequency tends to
infinity, and is eventually equivalent to the carbody bending
frequency under rigid suspension. However, as the suspen-
sion frequency changes, the carbody transmissibility also
varies. The increase in suspension frequency leads to an
increase in low-frequency transmissibility, and a reduced
high-frequency transmissibility. When the suspension fre-
quency reaches a certain value (about 10.75 Hz), the trans-
missibility of high and low frequencies is equal. At this point,
(b)(a)
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Fig. 6 Relationship between elastic suspension weight and carbody mode. a Suspension frequency of 12 Hz. b Suspension stiffness of
33.6 MN/m
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the vibration is minimized. To improve the ride quality, the
first-order bending frequency should be as high as possible,
and the transmissibility should be as low as possible. To meet
these two conditions simultaneously, the frequency of sus-
pended equipment should be less than the carbody first-order
bending frequency under rigid suspension, so that the car-
body transmissibility can be optimized.
5 Vehicle dynamic system modeling and vibration
response analysis
5.1 Dynamic rigid–flexible coupled theory
and modeling
Elastic vibration of the carbody cannot be properly
reflected in the traditional rigid body model, and our track
test shows that the equipment clearly influences the car-
body modal frequency. To properly reflect the coupling
between suspension equipment and carbody elastic vibra-
tion, we require a rigid–flexible coupled dynamic model. In
this section, we discuss the rigid–flexible theory. Consider
an undeformed carbody in which the location of each point
q relative to a local fixed reference system O is represented
by the vector rA (see Fig. 9).
The point q moves to a new location p under elastic
deformation, so that the position vector relative to the
global coordinate system is
rp ¼ rA þAðu0 þ ufÞ; ð4Þ
where A is the transformation matrix, and rA is the location
vector of the fixed reference system relative to the global
system. The global location vector of an arbitrary point on
the flexible carbody is rp, u0 is the position of point q in the
undeformed state, and uf tð Þ denotes the deformed vector.
The displacement vector field due to the structure
flexibility is expressed as




where nj represents the deformation shape j and gjðtÞ is the
shape amplitude.
Differentiating the deformation equation with respect to
time yields
_rp ¼ _rA þ _Auf þA _uf : ð6Þ










where m is the mass of the flexible body and g the vector
of shape amplitude. In the multi-body dynamics software
Simpack, we can use virtual work theory to describe a
generalized elastic force. The dynamic equations of the
system are
Me€gþDe _gþKeg¼ f e
Ceð _g;tÞ ¼ 0

; ð8Þ
where Me, De, Ke, Ce denote the general mass matrix,
general damping matrix, general stiffness matrix, and
constraint matrix, respectively; f e denotes a general force









































Fig. 7 Influence of rigid suspension equipment on carbody mode
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Fig. 9 Deformable carbody coordinates
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consisting of force elements, gravity, external force, and
general inertia force.
In engineering practice, the finite element method is
often used to model flexible carbodies because of its ver-
satility. First, we extract the carbody substructure SUB file
and the vibration modal RST file through finite element
analysis. Then, a SID file is generated by the pre-pro-
cessing module of Simpack. By considering the wheelset
and bogie to be a rigid structure, we fix the suspended
equipment to a beam of the carbody underframe by four
hangers. The suspension equipment has a mass of
6,000 kg, and the carbody with its accessory structures has
a mass of 28,000 kg. The model of this vehicle system is
shown in Fig. 10, which contains 34 rigid degrees of
freedom and 20-order eigenmodes.
5.2 Analysis of vibration response
The vehicle running quality is seriously affected by the
suspension parameters of the equipment. It is difficult to
study the influence of these parameters experimentally, but
we can simulate the vibration characteristics of the carbody
under different combinations of suspension parameters. We
can then analyze the matching relationship between the
equipment and the modal frequency. The following is
based on the rigid–flexible coupled dynamics model. The
measured irregularity excitation is used to determine the
input response, allowing the matching principles between
the equipment suspension parameters and carbody mode to
be identified. Figures 11, 12 and 13 show the vertical ride
quality of the central carbody for various locations, mass,
and frequencies of the suspended equipment. From
Figs. 11 and 12 we can see that the ride quality index is
significantly improved by the use of elastic suspension. The
following conclusions can be drawn from an analysis of the
equipment location. First, a suspension position close to the
center of the carbody is favorable in terms of ride quality.
Second, heavier equipment improves ride quality. From
these two observations, we can conclude that heavy
equipment should be suspended as close as possible to the
center of the carbody to improve ride comfort. Figure 13
shows the influence of suspension stiffness on the ride
quality index under elastic suspension. According to Fig. 8,
Fig. 10 Dynamical model of vehicle system
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Fig. 11 Equipment position and ride quality














Mass of equipment (kg)
Fig. 12 Equipment mass and ride quality























Fig. 13 Equipment frequency and ride quality
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we can see that vibration is not adequately reduced when
the frequency of suspended equipment is too high or too
low. As the suspended frequency increases, the high-fre-
quency part of the carbody coupled bending vibration will
decrease. However, when the suspension frequency is
higher than the carbody bending frequency under rigid
suspension, the low-frequency bending vibration plays a
more important role. As a result, the vibration is aggra-
vated, and ride quality will worsen. A suspension fre-
quency that is too low will lead to serious equipment
vibration and a worsening of the carbody stability. How-
ever, when the frequency is too high, the connection
becomes similar to that of rigid suspension, and the car-
body vibration will be more serious. Therefore, the sus-
pension frequency of the equipment should be close to, and
preferably smaller than, the carbody bending frequency in
the rigid case.
6 Conclusions
Using finite element simulations and analyzing test data,
we verified that our modeling approach was correct and
provided a valid foundation for further calculations. We
then analyzed the relationship between carbody modal
frequencies and equipment suspended from the car. The
resulting modal matching principles can be summarized as
follows:
• To improve the frequency of carbody high-frequency
bending and reduce energy transfer, equipment with a
large mass should be suspended toward the middle of
the carbody.
• The weight of the equipment strongly affects the first
bending frequency and energy transfer of the carbody.
The frequency of heavy suspended equipment should
be sufficiently low to increase the transmissibility of
high frequencies and improve the vibration character-
istics of the carbody.
• The bending frequency of the carbody can be effec-
tively improved by increasing the suspension stiffness.
However, this will also increase low-frequency energy
transfer. When the suspension frequency is lower than
the first-order bending frequency of the carbody under
rigid suspension, high-frequency energy transfer plays
a leading role. Thus, the suspension frequency of the
equipment should be slightly lower than the carbody
bending frequency.
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